Layered double hydroxide
Introduction
smart coating is very popular and practical. Many inhibitors are intercalated into the LDH and their behavior has been evaluated [9] [10] [11] [12] . One of the most important points in such a structure is the ion exchange ability and the kinetic of the reaction. The ion exchange with high speed lead to loss of intercalated inhibitors in a short time and the ion exchange with low speed lead to poor corrosion prevention. In other words an optimum speed is required to obtain the best protection with standard long life of the coating. Several studies have been reported describing the intercalation and controlled release of the desired material [13] [14] [15] [16] . In this regard, synthesis parameters and other variables were found as effective.
In this paper, it is tried to synthesize LDH in order to release an environmentally friendly inhibitor (sodium molybdate) with an appropriate rate just in times of necessity. This reservoir was utilized in a polymeric base coating (PVA) in order to provide a functional or smart coating for protecting aluminum alloys. It is obvious that many parameters can control the function ability of the coating and the kinetic of the release reactions during the coating life. These parameters were modeled by mathematical reactions and the final corrosion properties of the smart coating were evaluated accurately.
2.
Materials and methods
LDH synthesis
There are various synthesizing methods for the LDH which the co-precipitation method is the most popular. By using this methodology, 0.05 M and 0.025 M magnesium and aluminum nitrate (1:2) resolved in 100 ml of distilled water. The water was previously boiled in order to remove carbonate from the solutions. This solution is then slowly added to 200 ml of a solution containing sodium molybdate as inhibitor (the pH was controlled by sodium hydroxide and kept constant in 9.5). This process was performed at room temperature within 90 min and the solution stirred vigorously. Ar pump into the solution was continued in all the time. In the next step the prepared solution was aged in 65 • C for 24 h and then centrifuged for 10 min. For complete removal of water, the freeze drier was employed.
Significant parameters and kinetic studied
The molar ratio of the divalent and trivalent ions (M II /M III ), pH of the solutions, aging time and temperature were the selected important parameters. These parameters were evaluated by design of experiments (DOE) method based on central composite design (CCD). The M II /M III , pH, aging time and temperature were changed in the range of 1-5, 8-12, 2-48 h, 300-423 K (27-150 • C) respectively. The CCD designed the experiments in order to identify the effect of these parameters on the kinetic of the inhibitor releasing from the LDH in a certain time. The designed experiments are sorted in Table 1 (Design Expert 7 software was used). In order to gain more insight into the kinetics of the release, five commonly used models were fitted to the release data. Models used are the (i) Avrami-Erofe'ev, (ii) the Elovich model, (iii) first-order rate model, (iv) the modified Freundlich Eq. and a (v) parabolic diffusion model.
In each model, C 0 is the amount of guest molybdate in the Inh-LDH at t = 0, C t is the amount of guest molybdate in the Inh-LDH at time t, and k d is the rate of release. a, b, and n are constants and ˛ is the extent of reaction. 
Characterization
The crystallinity of the synthesized LDH was determined by X-ray diffraction (XRD) using a STOE transmission diffractometer (STOE & Cie GmbH, Darmstadt, Germany) using Cu K␣ radiation (40 kV, 30 mA). The powder was scanned from 5 • to 90 • 2 at a scanning rate of 3 • min −1 . Infrared spectra in the range of framework and OH vibrations (400-4000 cm −1 ) were recorded on KBr pellets using a Nicolet Magna 550 spectrometer (Thermo Scientific, Dreieich, Germany) in order to identify the LDH bonding. The morphology and particle size were characterized by scanning electron microscope (SEM) (SM-300, TOPCON). Table 1 ). Fits for (i) the Avrami-Erofe'ev model, (ii) the Elovich model, (iii) the first-order model, (iv) the Freundlich model, and (v) the parabolic diffusion model.
Applying the smart coating
The polyvinyl alcohol (PVA) was selected as composite matrix in the smart coating. Polyvinyl Alcohol (PVA, sometimes referred to as PVOH) is a water soluble polymer used widely in adhesives, paints, sealants, coatings, textiles, plastics and etc. Therefore, the synthesized LDH with different concentration were dispersed in the prepared 10% PVA solution and coated on the aluminum substrate. The dispersed LDH in PVA solution was coated on degreased and deoxidized 5054 Al substrates by a dip coater. The coating was allowed to dry and was then cured for 2 h at 150 • C to remove residual water and form a three-dimensional polymer network (2 m).
During curing the PVA polymerizes becomes insoluble in water.
Corrosion studies
Corrosion testing of coated surfaces was carried out using electrochemical impedance spectroscopy (EIS)-based methods. Tests were conducted in a three electrode cell (platinum as counter and SCE as reference electrode) filled with 3.5% NaCl solution that was open to air, but quiescent (room temperature). Impedance spectra were collected in various times interval (1-3-6-10-14 and 20 days) using a 10 mV sine wave voltage perturbation, which was varied For evaluating the final results, appropriate equivalent circuits were found and used to interpret the extracted data. By interpreting the changes of each element in equivalent circuit, the coating mechanism and other phenomena were recognized. Corrosion behavior of the smart synthesized coating was also studied in 3.5% NaCl solution by using polarization curve. The Anodic and cathodic polarization curve were potentiodynamically measured by a potentiostat/galvanostat (AUTOLAB model 302N) in an appropriate scan rate (0.1 mV s −1 ) and potential range (−0.85 to −0.60 V).
3.
Results and discussion
Characterization
After synthesizing the LDH, different test must be carried out on the powder to confirm the correctness of the process. Therefore, XRD analysis of the powder was taken and the results are presented in Fig. 1 . Showing sharp or broad peaks at the low angles and weak peaks at the high angles is one of the layered structures characteristics [17] which can be seen in X-ray result of the synthesized powder. As it can be seen the XRD spectrum of the synthesized powder shows the presence of Mg-Al LDH (Mg 6 Al 2 CO 3 (OH) 16 ·4H 2 O) and a kind of molybdenum oxide. This evidence confirms the correctness of the LDH synthesizing although more analysis is needed to approve this claim. Some extra peaks are observable in the synthesized LDH which are related to other kind of molybdenum oxide. In order to confirm the X-ray results and also identify the special bonding in the synthesized compound, FTIR analysis was performed and shown in Fig. 2 . Strong peaks at 428, 1385, and 1637 cm −1 confirm the presence of NO 3− groups and water molecules which are present between the layers. A broad peak at 3430 is associated with the stretching of the OH groups of the water molecules or hydroxides. It has been reported that the peak at 1637 can be related to the presence of water molecules which are located between the layers. In addition, the broad peak at 677-613 is linked to Al-O bonding of the hydroxide layer [9] . Therefore, detected bondings confirm the correct synthesis of the LDH. Similar results are observed in the literature [18, 19] .
Kinetic studies
Now, kinetic studies on well synthesized LDH can be performed. To have a better sense from the kinetics of the release, five frequently used models were fitted on the release data (Eqs. (i)-(v)) shown in Fig. 3 . Fig. 3 indicates that all models describe the kinetic of the molybdate release from the LDH (Experiment 1 in Table 1 ) but the parabolic diffusion and also Avrami-Erofe'ev models are the best fitted models. The extracted parameters from the five introduced models are shown in Table 2 . In these models, according to the R 2 values and visual inspection of "linear" plots, it appears that the parabolic diffusion and AvramiErofe'ev models can be the most appropriate for describing molybdate release from the synthesized LDH. It was found that the Avrami-Erofe'ev model with a little modification can better explain the phenomena (Fig. 4) . In fact the ion exchange of the chloride ions with the intercalated molybdate ions is very similar to drug release in drug delivery applications. More details about the introduced model (Weibull model) for this application are provided at the literature. The Weibull model is defined as:
where k w and n w values describe the time scale of the process and indicator of the mechanism, respectively. This model overcomes the limitation of other conventional models, and it has been widely employed in the kinetic studies. Previously, Monte Carlo simulation techniques were utilized in both euclidian and fractal spaces for studying a drug release system. It was found that the Weibull model properly expresses the drug release profile in both cases when the Fickian diffusion is the drug release mechanism. In case of release from euclidian membrane [20] and the two-dimensional percolation fractal [21] , the values of n w were in the range of 0.69-0.75 and 0.35-0.39, respectively.
As it is observable the n w for all experiments (Table 3 ) are in the range of Fickian diffusion mechanism and the only difference is in their amount. As it mentioned the lower value of n w indicates the diffusion process with slower rate in the disordered medium. The shape uniformity and other effective parameters will be discussed at the following. Fig. 5 illustrates the diffusion mechanisms based on concentration alteration versus time. While a drug or any other molecules can diffuse and move through the membrane without any pore size limitation (when that molecule is much smaller than the pore size) the concentration profile of the molecule basically follows Fick's law. It can be seen that the released data of molybdate from synthesized LDH follows this trend. As a matter of fact, the concentration profile of a released molecule generally depends on the ratio of the channel size/molecule size when the interaction of the molecule and the channel surface is not sensible [1] . Similarly in the current case (LDH with the intercalated inhibitor), the release mechanism is recognized as Fickian diffusion. Therefore it is well to consider the size of the container and the size of intercalated molecules. Microscopic considerations show that (Fig. 6 ) the layer thickness of LDH crystals (the size of exit path of the intercalated inhibitors) is about 40 nm while the molybdenum molecules have smaller sizes. Therefore as mentioned the dominant mechanism of releasing can be Fickian diffusion. The extracted data (Table 3) confirm this hypothesis and show that changing the synthesizing parameters (in the studied range) cannot affect the whole release mechanism but it can change some details of the dominant mechanism.
Considering the n w for different experiments show that the diffusion was occurred with different rates. According to the literature [22] , n values less than 0.75 show the release with Fickian diffusion either in Euclidian (0.69 < n < 0.75) or fractal space, n < 0.69. It can be seen all data show that the release are occurring in fractal spaces with Fickian discussion mechanism. Fig. 6 and other presented SEM images confirm that the inhibitor matrixes are fractal and the morphology and the kinetic data are in good agreement. There are some cases in which their n w are more than others. In example, the n w for experiments 7, 15 and 21 are 0.55, 0.35 and 0.33, respectively. It means that the ion exchange processes are occurring more quickly in these synthesized LDH than other ones. Considering the synthesizing condition of these experiments can validate the observed kinetic results. For having a better sense from synthesizing parameters effect on the kinetic behavior, a model was introduced and considered with more precision at the following.
Eq. (1) predicts the released inhibitor after 10 min in 3.5% NaCl solution. It can be seen that there is a cubic relation between the synthesis parameters and the released inhibitor in a certain time. 
which variables A, B, C, D are the ratio of divalent to trivalent ions (M II /M III ), pH solution, aging temperature K ( • C) and time (h), respectively. By focusing on the factors coefficients, the importance of each factor can be determined. One way to check the accuracy of the prediction equation is using normal probability plots (Fig. 7) . As can be seen, there is no serious deviation from the standard line, show that the presented model has good accuracy. To have a better sense from the equation accuracy, other criteria can also be used. For example, R-square, which is a number between zero and one reports the accuracy of the prediction equation. The standard expressed that the equation with the R-square more than 0.75 is acceptable and well accurate enough and can be used as a good reference [23] . The equation presented in this study has the R-square of 0.97. This shows the extreme accuracy of the founded model. It will be more sensible if take a look at Fig. 8 which shows the actual values versus predicted values calculated by the software. It can be observed that all data are approximately complied with the y = x. These are all evidence of acceptable accuracy and precision of the introduced equation. Now based on final application of the synthesized LDH, it is possible to select appropriate values for each parameter. Sometimes there is need to minimize the kinetic release of the intercalated inhibitor or sometime there is need to maximize the releasing speed or even sometimes there is a target for example 15 ppm releasing in 10 min. All these goals are achievable by using the introduced model (the calculation can be easily performed by the software). Fig. 9 illustrates the appropriate values for the two effective factors (pH and M II /M III ) in order to reach the mentioned goals (demonstrated as desirability). The model represents the parameters condition for releasing the molybdate in just 10 min. But if there is need other times, the founded releasing mechanism in previous discussions can be very helpful. In other words, by the introduced kinetic models and a simulation software, a very good real sense of ion exchange or releasing reaction of molybdate from the LDH will be obtained. Due to similarity of many releasing or ion exchange phenomena, the results can be developed to many other reactions. Now, the effect of each parameter on the released medium is evaluated individually by the surface plots at the following. Fig. 10 shows the effect of two variables (M II /M III and pH) on the amount of released inhibitor into the 3.5% NaCl solution after 10 min. It can be seen that these two variables have significant effect on the behavior of each other. In other words, they have serious interaction with each other. As can be seen in the low pH close to neutral, increasing the ratio of M II /M III up to 3 cause reduction of released inhibitor. But using the ratio of M II /M III more than 3 result in more released inhibitor in the solution. In fact, the highest released inhibitor is obtained in the low and high values of M II /M III . This behavior completely changes in pHs more than 10. It means that the maximum released inhibitor achieves in M II /M III ratio of 3. It is worth to mention that more inhibitor is released in high pHs. This can be related to the better formation of the LDH in high acidities because as was explained earlier these structures are metal hydroxide which naturally forms better in alkaline pHs. Definitely, this must be noticeable by XRD analysis. Fig. 11 demonstrates the XRD spectrums of two synthesized LDH which are synthesized in different pH. The synthesizing pH for experiment 1 was about 8 and the experiment 3 was synthesized at pH 11. In fact XRD pattern of LDH with high pH shows more sharp and intense peaks which might indicate more crystallinity of the LDH crystals or better formation of them. As mentioned, since the LDH is a hydroxide compound, it has greater chance for the formation at high levels of pH and the XRD spectrums confirm this claim. Another point which is detectable in XRD spectrums is the peak shape alteration at around 35 • . In fact it is noticeable that there is splitting of the peak in this region. This implies a difference in the structure by changing the pH. These claims can be clarified by more analysis and considerations. Fig. 12(a) illustrates the SEM result of the LDH with the following synthesis condition. The sample is aged at temperature of 318 K (45 • C) for 15 h. The ratio of M II /M III is 2 and the solution pH was 8. As seen the containers are similar to flakes with nanometric scale in one dimension (nano dimension is more visible in other cases). The same morphologies were observed in others researches [24, 25] . Fig. 12(b) shows the morphology changes by changing the M II /M III to 4. Although flake morphology is perfectly preserved but it looks more thin flakes are obtained. The nanometric scale of the flakes is more visible in this figure. Increasing the M II /M III ratio means to reduce the concentration of trivalent ion. In other words, less divalent ions have been replaced by trivalent ions and accordingly the network will not be able to absorb molybdate anions with previous capacity. Because this event cause electrostatic interaction decrement between the positive layers and the negative interlayers. Fig. 13 illustrates the XRD spectrums of these two synthesized LDH. In a comparative study, it can be noticed that three peaks which are located at 10-20 intervals, have suffered a sharp drop (marked in the figure by circle). These peaks are related to the intercalated molybdenum oxide. Thus, the mentioned hypothesis can be confirmed.
But the point is complete change of the behavior when the pH varies from 8 to 11. Fig. 12(c) illustrates the morphology of the LDH synthesized in pH 11. It can be seen that, the flakes are accumulated in different regions and create special forms. It seems that there are spheres with the flake surface morphology. In other words, internal arrangement of atoms or ions does not affect seriously but particle size and morphology is affected by pH alteration. Panda et al. [26] previously reported the same observation. Panda et al. reported that use of sodium hydroxide significantly lowers the growth rate of the LDH nucleus. They claim that it occurs due to the formation of capping layer of Na + all around the LDH nucleus (Fig. 14) . In this study also the pH adjustment was performed using sodium hydroxide. In fact, based on Panda et al. founding high pHs with more Na + concentration, encourage the growth pattern to a specific shapes as demonstrated in Fig. 15 . The observed morphology and the XRD spectrum show that the LDH crystals are better form and also more molybdate were successfully intercalated between the layers in high levels of pH. Therefore the reported trend in Fig. 10 seems acceptable. Fig. 16 indicates the aging temperature effect beside the pH effect. The pH effect was previously discussed and here there is the same behavior. But in case of aging effect, it can be seen that aging temperature increment result in less released inhibitor in the solution. It can be related to various reasons. One reason can be related to temperature sensitivity of the intercalated anions. In other words releasing some inhibitors during the aging process is not farfetched. XRD analysis can be useful to confirm this claim. Fig. 17 compares the XRD spectrums of two synthesized LDH with different aging temperature and time. It can be seen that the peaks intensity are declined and also some crystallographic planes had lost their peak in the XRD spectrum by increasing the aging time and temperature (marked in figure by arrows) . In other words, crystal or grain growth (shown in Fig. 18 ) or any other major change in the LDH structure due to the long heat treatment may lead to release of the intercalated molybdate during the aging process. The grains growth is more noticeable when the aging time is long. Fig. 19 indicates the LDH crystals morphology after 40 h aging treatment.
Corrosion studies
Electrochemical impedance spectroscopy was carried out in various days of immersion on the synthesized smart coatings. The HLDH samples contain 5 wt % of LDH and LLDH samples contain 1 wt% LDH. The equivalent circuits used in EIS observations are illustrated in Fig. 20(a) . Fig. 20(b) shows the obtained Nyquist curves from 4 samples after 10 days of immersion. Other plots are not presented and just their data are shown in Table 4 . In most cases it is observable that the solution resistance is found as about 35 . The most important element in all cases which can be correlated with the corrosion resistance is R ct which called charge transfer or polarization resistance. It can be seen that by applying the PVA coating the polarization resistance is enhanced from 10 k to 20 k. Using LDH nanocontainers containing molybdate inhibitors also significantly improved the polarization resistance.
Results show that, passing the time leads to change the corrosion properties of the all samples. In fact, the corrosion resistance has improved by applying the PVA coating from 10 k to 20 k. But after some days of immersion, the polymer structure is destroyed by diffusion of the chloride ions and the polarization resistance is declined. In other words, after some days of immersion, the PVA coating cannot protect the substrates and the corrosion properties become similar to the uncoated condition. Only in loaded coatings by LDH, the conditions are different. The LLDH sample with low concentration of inhibitor cannot stand against the chloride ions attacks, but the sample with high percentage of LDH has shown better behavior. It seems that, unlike early days, HLDH sample has more favorable result than other ones.
The capacitance or admittance of the capacitor or constant phase element in the equivalent circuit for the HLDH samples was monitored and a declining trend was found for them. This can be related to replacing the inhibitor molecules with the water molecules [27] . Another reason of decrease in capacitance can be related to inhibitor adsorbing on the metal surface. In fact, since the capacitance is inversely proportional to the thickness of the double layer, a decreasing in the capacitance values could be attributed to the adsorption of the inhibitor onto the metal surface. By entering the inhibitor molecules into the coating network, the active sites will be covered by them and forming a smooth surface. Consequently the capacitance will be decreased due to changes in the surface area. In general, the surface area of the rough and porous electrode is larger than smooth surface. Therefore, it seems that by passing the time, molybdate molecules will be adsorbed on the metal surface and the protective film will be grown until it covers all the possible corroding sites and cause decrement in the capacitance values. As can be seen, the capacitance values are significantly decreased by passing the times for the HLDH samples and this is a good evidence of inhibitor releasing during the immersion days because it doesn't see in the pure PVA or even LLDH samples. Fig. 21 shows the plots of the capacitance versus time with low and high concentration of LDH in the coating network. Generally in corrosion tests without inhibitor the diameter of the high frequency semicircle is treated as the charge transfer resistance, and in corrosion tests with inhibitor the high frequency capacitive loop is related to the barrier and properties of the inhibitor layer. From Fig. 21 it can be seen that the capacitance of the HLDH sample shows a sharp decrease in their values as time elapsed. However, in case of LLDH sample, the capacitance values are higher, and their values are approximately constant. It is clear that the presence of the inhibitor with enough concentration has a marked effect on the values of the capacitance. Capacitance values in LLDH sample have almost the same values and all shown the same trend. It is known that a decrease in the capacitance can happen if the inhibitor molecules (low dielectric constant) replace the water molecules (high dielectric constant) on the coating network. Therefore it can be said that this behavior is the sign of coating mechanism activation during the immersion days. Fig. 22 shows the potentiodynamic curves of the Al alloys with various coating system immersed in 3.5% NaCl solution. The results confirmed the previous results of EIS measurements. As it can be seen, applying the PVA coating whether with and without LDH crystals shift the potentials into the less negative potentials. In addition, the corrosion current densities have been decreased especially in case of LDH loaded samples. It means that the corrosion phenomenon is thermodynamically and kinetically controlled by applying the PVA coating (with and without LDH). This can be related to the passivation role of the PVA coating and also inhibition role of the intercalated inhibitors. From thermodynamic view, PVA coating without LDH crystals shows fewer tendencies to corrode (less negative potential) due to better polymeric structure (as mentioned, LDH intercalating into the PVA will destroy the polymer network). However, from kinetic view, LDH crystals significantly decrease the corrosion rate due to their effect on surface condition.
The noticeable point, in coatings contain LDH crystals, is the current fluctuation in anodic branch of the polarization curve. In similar cases it was reported that these instabilities can be associated with initiation and repassivation of the sites for pits prior to the propagation of stable pits. The instabilities or current fluctuations by increasing the potential observable in Fig. 21 , indicates a special case (corrosion initiation followed by repassivation) which can be studied or analyzed based on other founded data. As mentioned previously the corrosion prevention mechanism of the provided smart coatings is based on inhibitor releasing at the necessary times. Therefore observing the current fluctuation by increasing the potential is not farfetched because the surface condition of the coated aluminum by provided smart coating is similar to the surface exposed to pitting corrosion. Maybe Fig. 23 [28] can schematically show the mentioned condition.
The hosts which are open channels, discussed previously, can accommodate anions and solvent molecules. In the initial state, LDH crystals contain inhibiting anions in their open channels. As is depicted schematically in Fig. 23 , on contact with an aggressive electrolyte containing chloride ions, an exchange reaction will be occurred in which the inhibitor anion will be released, and chloride ions will be trapped into the LDH structure [29] :
HTInh + NaCl (aq) ↔ HTCl + NaInh (aq) Thus, the released and adsorbed inhibitors and also the trapped anions can be the main reasons of the current fluctuation due to their effect on the substrate passivation or the generated interruption in the corrosion process.
The polarization measurements were performed in various days of immersion in order to detect the changes in corrosion properties by passing the time. Fig. 24 illustrates the polarization curves for the HLDH sample during 20 days of immersion in 3.5% NaCl solution. As it can be seen all curves indicate the current fluctuation in their anodic branch although after 20 days this is not highlighted yet. In other words, the previous interpretations are confirmed by these curves and the activation of the coating mechanism can be sensed apparently.
Conclusion
Based on observations and released profiles a prediction model was introduced in order to estimate the amount of released inhibitor from the LDH after a certain time in NaCl 3.5% solution. The model expresses that the pH of the synthesis environment has special effect on the kinetic of the inhibitor releasing. Also M II /M III has serious effect and its interaction with the pH is noticeable. Although the aging parameters have tangible effect on the structure and morphology of the LDH, but the pH and M II /M III are critical factors in controlling the desired morphology and structure. The introduced model has the ability of access any target by establishing a certain value for each factor. The whole mechanism of releasing molybdate from the Mg-Al LDH was recognized as Fickian diffusion and the released data were well fitted with the Weibull model. In order to evaluate the activation of smart species in the coating network EIS was used and interpreted. It was observed that the capacitance values as an equivalent circuit element are significantly decreased by passing times. This fact shows that the release action is performing during the immersion days. More LDH in the coating network result in better resistance to corrosion for the produced coating up to approximately 5.7 wt% of the Cl − ions. Then adding more LDH to the coating, result in resistance decrement due to the defect formation in the polymer network. Apparently this value depends on the chloride ions concentration and changing the invasive ions concentration will change the optimum value of the required LDH amount.
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